The bacteriological composition and ultrastructure of mesophilic granular methanogenic sludge from a large-scale Upflow Anaerobic Sludge Blanket reactor treating wastewater from a sugar plant and of sludge granules adapted to ethanol and propionate were studied by counting different bacterial groups and by immunocytochemical methods. Propionate-grown granular sludge consisted of two types of clusters, those of a rod-shaped bacterium immunologically related to Methanothrix soehngenii and those consisting of two different types of bacteria with a specific spatial orientation. One of these bacteria reacted with antiserum against Methanobrevibacter arboriphilus AZ, whereas the other is most likely a propionate-oxidizing bacterium immunologically unrelated to Syntrophobacter wolinii. Sludge granules obtained from the large-scale Upflow Anaerobic Sludge Blanket reactor and granules cultivated on ethanol did not show the typical spatial orientation of bacteria. Examination of the bacterial composition of the three types of granules by light and electron microscopy, the most-probable-number method, and by isolations showed that M. arboriphilus and M. soehngenii were the most abundant hydrogenotrophic and acetoclastic methanogens in propionate-grown sludge. Methanospirillum hungatei and Methanosarcina barkeri predominated in ethanol-grown granules, whereas many morphotypes of methanogens were abundant in granules from the full-scale reactor.
The anaerobic oxidation of alcohols and fatty acids coupled with proton reduction can only proceed at low hydrogen partial pressures. For ethanol conversion, a hydrogen partial pressure of less than 10' atm (10.129 kPa) is required, whereas propionate degradation is possible solely below 10-4 atm (0.010129 kPa) (4, 13, 22) . Such a low hydrogen partial pressure in methanogenic systems can only be realized by an interspecies transfer of molecular hydrogen from obligately proton-reducing or facultatively fermenting bacteria to hydrogen-oxidizing methanogens. A kinetic study with ethanol-and propionate-fed anaerobic, continuously stirred tank reactors with a retention time of 15 days showed that an elevated hydrogen partial pressure caused by a perturbation with ethanol led to an accumiulation of propionate (28) . After Besides hydrogen transfer, formate transfer may also play a role in the syntrophic oxidation of alcohols and fatty acids (2, 33, 35) . Up to now, it is unclear whether the process of interspecies electron transfer leads to a specific spatial orientation of acetogenic bacteria and methanogenic bacteria. Such an orientation was suggested from kinetic and thermodynamic data (5, 10, 24, 34) .
A nice model system to study a possible juxtaposition between bacteria is that of methanogenic granular sludge. In these densely packed biomass structures, microorganisms immobilize themselves. It can be assumed that immobilization is realized in places which are most optimal for the survival of specific organisms. Methanogenic granules may be formed in Upflow Anaerobic Sludge Blanket (UASB) reactors (19) . Two laboratory UASB reactors were inoculated with granular sludge from a liquid sugar plant and fed * Corresponding author.
with either ethanol or propionate as the sole carbon and energy source. The bacteriological shifts within the three granular sludge types were studied by using complementary techniques. The ultrastructure of ethanol-and propionategrown granular sludge was studied with immunogold labeling techniques. Some preliminary results of this study have been presented previously (12, 30) . MATERIALS 26 and 44 mM, respectively. Details of the operation of the UASB reactors were described previously (11) . Activity measurements. Activity measurements were performed in 120-ml serum vials with 50 ml of buffer solution as described previously (11) . Liquid as well as gas samples to analyze substrate removal and methane production were taken.
MPN counts. Granular sludge (10 ml) was diluted with medium to 40 ml. Granules were gently homogenized and disintegrated with a 10-ml syringe without a needle by continuously taking up and ejecting the suspension followed by treatment with a Potter homogenizer (Tamson, Zoetermeer, The Netherlands). This disintegration procedure caused negligible cell lysis, as evidenced by the presence of low amounts of DNA in the culture medium (3). The various physiological cell types in the obtained suspension were enumerated by using the most-probable-number (MPN) technique (n = 3) in media with different substrates. These tests were done in 35-ml glass tubes (Bellco Glass, Inc., Vineland, N.J.) sealed with rubber stoppers and containing 9 ml of growth medium with 40 mM substrate and a gas phase of 1.8 atm of N2-CO2 (4:1). For quantification of hydrogenotrophic bacteria, 1.8 atm of H2-CO2 (4:1) was used as the substrate. After 3 months of incubation at 37°C in the dark, methane formation and substrate depletion were determined by gas chromatography. The culture was examined by microscopy for microbial growth.
Preparation of antisera. Pure cultures of bacteria (40 ml) were centrifuged (20 (Table 1) .
Results of the MPN counts made of the three disintegrated granular methanogenic sludge types in anaerobic media with different carbon sources are given in Table 2 . In the CSM sludge, the metabolic group of glucose degraders was dominant over the methanogenic bacteria. The glucose degraders were reduced by a factor of 104 after 6 months of granule growth on ethanol or after 36 months of growth on propionate. A bacteriological shift to ethanol-degrading organisms in ethanol-grown granules was found. In propionate-grown granules, the amount of propionate-degrading organisms was low. These granules showed a significant increase of hydrogenotrophic methanogenic and formate-degrading methanogenic bacteria compared with those in CSM and ethanolgrown granules. Compared with ethanol-grown granular sludge, only low numbers of acetoclastic methanogens were counted in propionate-grown granules.
The highest dilutions at which growth had occurred were tested for reaction with specific antisera (Table 3 ). In MPN tubes with acetate as the substrate, specific immunological reactions were found with antisera against both M. barkeri and M. soehngenii in CSM granules, whereas in ethanol-and propionate-grown granular sludge types, only reaction with M. barkeri or M. soehngenii antiserum, respectively, was detected ( Table 3 ). The presence of M. soehngenii in propionate-grown sludge may explain the low numbers of acetotrophic methanogens in this sludge type compared with ethanol-grown granules. The numbers of M. soehngenii were arboriphilus AZ antiserum was found, respectively. Ethanol-degrading bacteria reacting with the P. carbinolicus antiserum were present only in ethanol tubes inoculated with ethanol-grown granular sludge. In none of the propionategrown tubes was labeling found with antiserum of the coculture of S. wolinii and Desulfovibrio strain Gil.
Substrate conversion rates. The bacteriological composition of granular methanogenic sludge was characterized by the use of activity measurements as described by Dolfing and Mulder (7). (7) are included. Dolfing and Mulder grew granules for only 3 to 4 months under defined conditions. Compared with the original granules, the methanogenic activity of ethanol-and propionate-grown granules increased for the test substrates ethanol plus acetate and propionate plus acetate, respectively. Dolfing and Mulder (7) found a similar response but to a lower extent. Activity on propanol and butanol was high for ethanol-grown granules compared with propionategrown granules, whereas isopropanol and butyrate were converted at much higher rate in propionate-grown granules.
Bacteriological structure. Transmission electron microscopy with ethanol-grown granular sludge showed sarcinalike structures and other bacteria without specific distribution (Fig. la) . (7), who used CSM granular sludge grown on wastewater from a sugar factory; the sludge was cultivated on ethanol or propionate in 1-liter UASB reactors for 3 to 4 months. VSS, volatile suspended solids (in this case, the organic fraction of the granules).
A clear structural organization in propionate-grown granules, consisting of two different types of clusters (Fig. lb) , was observed. One cluster consisted solely of Methanothrixlike bacteria (Fig. lc) , whereas the other consisted of two morphological types of bacteria (Fig. ld) in which large, spherical electron-translucent bacteria are surrounded by small, electron-opaque bacteria.
Immunoelectron microscopic identification. Immunogold labeling with antisera raised against strain EE121, M. hungatei JF1, and M. mazei MC3 showed specific labeling of randomly distributed bacteria in ethanol-grown granular sludge (results not shown). AG"', Gibbs free-energy change under standard conditions at pH 7 (32).
Methanothrix-like bacteria reacted specifically with the antiserum of M. soehngenii (Fig. 2a) . In the microcolony type, consisting of two morphologically different bacteria, the dark-stained bacteria were labeled intensively with antiserum against M. arboriphilus AZ (Fig. 2b) (Table 6 ).
The shift in acetoclastic methanogens in the different types of sludge could be partly explained by the different pH optima of Methanosarcina and Methanothrix spp. (29, 41) , but growth kinetic properties play a role as well. In the first-order region in a ,u-versus-S plot, the bacterium with the highest ratio of tmax/M, will win the competition. For acetate conversion by Methanosarcina and Methanothrix spp., these ratios are in the same range. Therefore, Methanosarcina and Methanothrix spp. should grow equally well at low acetate concentrations (Table 6 ). Methanosarcina spp., however, cannot convert acetate below a threshold of 0.2 mM, whereas the threshold for Methanothrix spp. is 0.01 mM acetate. The differences in thresholds are due to different enzyme systems for the activation of acetate (15) (20) .
Our results show clearly that the bacteriological composition of granular sludge shifts depending upon the type of growth substrate. With propionate as the substrate, not only a shift in bacterial composition but also a structural change took place, i.e., different bacteria formed structurally similar clusters within a granule. Propionate-grown granules are a nice example how thermodynamic and kinetic restrictions select not only for specific bacteria but also for the most optimal spatial orientation of the individual members of a bacterial substrate succession. The mechanical stability of the granules make them an ideal ecosystem for the study of microbial interactions, especially when the transfer of metabolites is involved. The forces which keep the spatial structure stable have not been elucidated.
